Chronic, low-level inflammation may be an independent marker of Metabolic Syndrome (MetS). Systemic Enzyme Therapy (SET), the oral administration of proteolytic enzymes, is safe and effective in the management of inflammation. Therefore, the effects of SET, as Wobenzym ® , on the prevention and treatment of inflammation and other metabolic risk factors were assessed in a rabbit model of diet-induced MetS. Animals were fed a lipid-enriched diet for 8 weeks during which they were administered a vehicle control (control group) or Wobenzym either throughout the study period (prevention group) or beginning at the 5th week, after the development of biomarkers of MetS (treatment group). At the 8th week, both prevention and treatment groups demonstrated improved insulin sensitivity relative to the control group and reduced serum C-reactive protein (CRP) and glycosylated hemoglobin (HbA1c, P < 0.001). At 8 weeks, the prevention group, but not the treatment group, exhibited reduced total cholesterol and oxidative stress, measured as serum malondialdehyde (P < 0.001). Triglycerides and free fatty acids were reduced in both the treatment (P < 0.01) and prevention groups (P < 0.001) relative to the control group at the 8th week. Body weight and blood glucose were not affected. Enzyme therapy may have a positive effect on inflammation, insulin sensitivity, and other metabolic risk factors of MetS.
Introduction
Metabolic Syndrome (MetS) is generally characterized by obesity and the presence of two additional metabolic risk factors [1] . More specifically, the risk factors encompassing MetS include abdominal obesity (waist circumference ≥ 40 inches for men and ≥35 inches for women), impaired fasting blood glucose (≥100 mg/dL), elevated triglycerides (≥150 mg/dL), low high-density lipoprotein (HDL < 40 mg/dL for men and <50 mg/dL for women), and elevated blood pressure (≥130/85 mmHg) [1] . A public health crisis, MetS affects an estimated 20% -34% of the population [2] , increasing the risk for cardiovascular disease, stroke and diabetes and driving up medical costs. In the US alone, the health care costs associated with cardiovascular disease, obesity and diabetes are estimated at $444 billion, $147 billion, and $218 billion, respectively [2] - [4] . Although largely preventable and modifiable by nutrition and lifestyle interventions, few pharmaceutical or nutritional agents are available to address the complex, multiple risk factors that contribute to MetS.
Emerging data suggest that MetS is associated with both inflammation and oxidative stress and that these may be independent risk factors for diabetes, hypertension and cardiovascular events, even after adjustment for established risk factors such as dyslipidemia [5] - [8] . It has further been proposed that C-reactive protein (CRP), as a marker of general inflammation, may be an independent predictor of long-term cardiovascular risk and that targeting elevated CRP might reduce the incidence of cardiovascular events [7] [9]- [10] . Statin therapy has been debated as a treatment for elevated CRP, independent of low-density lipoprotein (LDL) cholesterol levels and as primary prevention in patients at intermediate risk for heart disease [7] [9]. However, statin therapy is associated with myotoxicity and an increased incidence of diabetes [9] .
Systemic Enzyme Therapy (SET) is the oral administration of combinations of proteolytic enzymes from plant sources, such as bromelain (Ananas comosus fruit) and papain (Carica papaya fruit); bovine or porcine pancreatic enzymes, such as trypsin, chymotrypsin, and pancreatin; and in some preparations, fungal-sourced lipase and amylase. Wobenzym ® also includes the bioflavanoid rutin, which has been demonstrated to reverse and prevent metabolic changes such as abdominal fat stores, glucose tolerance, hepatic and cardiovascular function, as well as attenuate oxidative stress and inflammation in a rat model of MetS [11] . Systemic enzymes have a long history of use as natural anti-inflammatory agents, and such products are available commercially as dietary supplements or pharmaceuticals. A recent review summarizes the absorption and pharmacokinetics of orally administered proteolytic enzymes and provides the rationale behind the anti-inflammatory effects of enzymeantiprotease complexes [12] . Numerous animal [13] - [16] and human trials [17] [18] have demonstrated the clinical benefits of systemic enzyme therapy in inflammatory conditions, most commonly in comparative trials concluding non-inferiority to non-steroidal anti-inflammatory drugs (NSAIDs) [19] , as well as in reducing general inflammation measured as C-reactive protein [20] [21] . However, to our knowledge, SET has not been studied in inflammation as related to parameters of MetS. Therefore, a pre-clinical trial was conducted to determine the effects of orally administered proteolytic enzymes on the prevention and treatment of inflammation, insulin sensitivity, oxidative stress, and other metabolic markers in an animal model of diet-induced MetS.
Materials and Methods

Animals and Diets
Male and female Chinchilla rabbits, aged 3 to 4 months, were obtained from the Ukranian Academy of Medical Sciences. The animal protocol was approved and housing provided by the National Scientific Center, ND Straschesko Institute of Cardiology in Kiev. The investigation included 50 rabbits with baseline body weights of 2.6 ± 0.15 kg that were fed a regular diet supplemented with 0.75 g/kg of body weight per day of dry milk cream containing 80% saturated fatty acids for 8 weeks with free access to water. The rabbits were separated into 3 groups: control group (n = 30), prevention group (n = 10), and treatment group (n = 10). Animals in the control group were fed the high-fat diet and received a saline vehicle control. Animals in the prevention group were fed the high-fat diet and administered Wobenzym ® (Mucos Pharma GmbH, Oberhaching, Germany) for the full 8 weeks. Animals in the treatment group were fed the high-fat diet and administered Wobenzym from the 5th week to the 8th week. Wobenzym was dosed at 1 tablet per 6 kg of body weight, based on preliminary tests and equivalent to the typical human dose by weight. Tablets were ground and delivered in sterile saline directly into the small intestine via gastric tube connected to a Janne syringe.
Blood Collection and Parameters
Blood samples were obtained at baseline and weeks 2, 4, 6, and 8 from the marginal ear vein, centrifuged at 4000 RPM, and processed immediately without freezing, as previously described [22] . The determinations of total cholesterol, trigylcerides (Tg), free fatty acids (FFA), blood glucose, glycosylated hemoglobin (HbA1c), and CRP were carried out using standard BioSystem test kits according to the manufacturer's protocols (Spain) and analyzed on a BTS-330 biochemical analyzer (Spain). Lipid oxidation was determined as the plasma malondialdehyde concentration using a standard reaction with thiobarbituric acid, TBARS (Sigma, USA).
Insulin Sensitivity
Systemic insulin sensitivity was determined as changes in plasma glucose level as a percentage of the initial value 60 min after subcutaneous insulin injection (Actrapid ® HM, Novo Nordisk, Denmark), as previously described [23] . Results are reported as percent glucose clearance, calculated as follows:
Clearance plasma glucose at baseline plasma glucose at 60 min 100
Statistical Analyses
Data are presented as the mean ± SEM. Analyses were performed using GraphPad InStat 3 software (La Jolla, CA). Comparisons between and within groups were made by analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons. Mann-Whitney U tests are used when the data are not normally distributed. Significance was accepted at P < 0.05.
Results
Lipid Loading Induced Insulin Resistance and Metabolic Alterations
Chronic lipid loading over 8 weeks induced a deterioration of systemic insulin sensitivity, determined as a reduction in percent glucose clearance following subcutaneous insulin injection (Figure 1(a) , P < 0.001). Lipid loading was also associated with increased inflammation (Figure 1(b) , P < 0.001), oxidative stress (Figure 1(c) , P < 0.001), HbA1c (Figure 1(h) , P < 0.001), and increased in lipid levels (total cholesterol, total TG and FFA levels (Figure 1(d) -(f), P < 0.001) compared to baseline values.
Systemic Enzyme Therapy Prevented the Decrease in Insulin Sensitivity
Systemic insulin sensitivity was determined as changes in blood glucose levels as a percentage of the initial value at 60 min following subcutaneous insulin injection. At baseline, glucose clearance was 54.4% ± 0.5%, but in lipid-fed control animals this decreased to 8.0% ± 0.9% at the 8th week (Figure 1(a) ). The prevention and treatment groups maintained glucose clearance at 30.4% ± 2.6% and 23.2% ± 2.5%, respectively, which differed from the control group at the 8 week (P < 0.001).
Systemic Enzyme Therapy Reduced Diet-Induced Inflammation
Lipid loading raised serum CRP throughout the study period from 1.75 ± 0.11 mg/L at baseline to 13.6 ± 0.74 mg/L and 32.03 ± 2.22 mg/L in the control group at the 4th and 8th weeks, respectively (Figure 1(b) ). At the 4th week, the increases in serum CRP in both the prevention (10.1 ± 1.4 mg/L) and treatment (13.4 ± 2.49 mg/L) groups were similar to control. At week 6, however, serum CRP levels in the prevention group (11.4 ± 1.15 mg/L) but not in the treatment group (19.2 ± 2.54 mg/L) were significantly lower from control group (25.0 ± 1.25 mg/L) (P < 0.001). Serum CRP decreased in week 8 compared to week 6 in both the prevention (6.3 ± 0.38 mg/L) and treatment (11.34 ± 1.41 mg/L) groups, and both groups differed from control (P < 0.001).
Systemic Enzyme Therapy Prevented Oxidative Stress
Oxidative stress, measured as serum malondialdehyde, increased in both the control and treatment groups as compared to baseline (Figure 1(c) ). However, concurrent SET prevented the increase in oxidative stress observed with chronic lipid loading (P < 0.001).Treatment with SET initiated at the 5th week, did not affect oxida- tive stress compared to the control group at 6 or 8 weeks.
Systemic Enzyme Therapy Mediated Dyslipidemia
Chronic lipid loading increased total cholesterol, Tg, and FFA in all groups compared to baseline (Figure  1(d)-(f) ). Prevention and treatment groups did not differ from the control group for cholesterol, TG, and FFA through 6 weeks. At week 8, total cholesterol was reduced in the prevention group (1.28 ± 0.02 mmol/L) com-pared to control group (2.32 ± 0.14 mmol/L) (Figure 1(d) , P < 0.001). Triglycerides were significantly lower in both the prevention (1.32 ± 0.03 mmol/L, P < 0.001) and treatment (1.82 ± 0.08 mmol/L, P < 0.01) groups compared to control (2.49 ± 0.15 mmol/L) at week 8 (Figure 1(e) ). Similarly, FFA were lower in the prevention (P < 0.001) and treatment (P < 0.01) groups compared to the control group at week 8 (Figure 1(f) ). Free fatty acids appeared elevated in the treatment group at week 6 but this was not significant. In all three parameters, the treatment group appeared to follow the control group until week 6 (treatment initiated at week 5) and then declined relative to control.
Systemic Enzyme Therapy Did Not Affect Blood Glucose but Reduced HbA1c
Fasting blood glucose increased in response to lipid loading from 7.34 ± 0.46 mmol/L at baseline to 13.8 ± 0.81 mmol/L at the 8th week in the control group (Figure 1(g) ). Although blood glucose levels appeared to be reduced in both the prevention (10.8 ± 0.74 mmol/L) and the treatment (10.2 ± 0.27 mmol/L) groups compared to control, the differences were not significant. However, while lipid loading significantly increased in HbA1c throughout 8 weeks in the control group, concurrent SET prevented the increase in HbA1c in the prevention group at all time points (3.54 ± 0.17 vs. 10.27 ± 0.61 µmol fructose per 1g Hb at week 8, P < 0.001). Enzyme treatment initiated at week 5 also lowered HbA1c relative to control, observed at both the 6th (P < 0.01) and 8 th weeks (Figure 1(h) , P < 0.001).
Discussion
Hyperglycemia, impaired glucose disposal, hyperlipidemia, inflammation, and oxidative stress are central features of MetS. However, a limited etiological comprehension, together with a lack of consensus on qualitative and quantitative clinical definitions, has complicated the development and validation of an animal model that faithfully recapitulates human MetS.
While the most widely utilized MetS models are mice, rabbits offer a potentially valuable tool as they can depict a broader landscape of diet-induced MetS pathologies over a longer period of time. Their use in over 1000 studies of diabetes to date supports their basic utility in examining insulin sensitivity [24] . In response to fat and cholesterol feeding, rabbits develop the most well-established MetS features, including systemic inflammation, glucose intolerance, hyperlipidemia, hypertension, accrual of visceral fat tissue, and fatty liver disease [25] - [32] . Relative to mice, the lipoprotein profile of rabbits also corresponds more closely to humans, and in contrast to mice, which exhibit an atheroprotective phenotype, rabbits with a constellation of MetS features develop coronary atherosclerotic lesions resembling that of humans [24] [26] . In addition, as rabbits exhibit a longer life span of 5 -8 years, lengthier study durations may afford more extensive interrogation of MetS and its complications in an easily handled, inexpensive animal model.
The Chinchilla rabbit employed in the current study corresponds, in baseline biochemical parameters, age, and approximate weight, with other rabbit models used to investigate MetS. Here, we report baseline fasting glucose, total cholesterol and Tg levels that are similar to published values from a recently developed rabbit model of high-fat diet (HFD)-induced MetS [25] [31] [32] . Baseline CRP values were similar to those reported in Japanese White rabbits utilized to investigate MetS [29] . The plasma response of glucose to insulin injection in the fasting state was consistent with published data using the same insulin preparation, dose and mode of administration [33] .
The administration of SET, either as prevention beginning at baseline or as treatment beginning at the 5th week, failed to significantly reduce fasting glucose levels (Figure 1(g) ). However, increased glucose clearance was evident in both groups (Figure 1(a) ). Several potential reasons may account for this finding. The magnitude of improvement in insulin sensitivity may have been insufficient or of limited relevance to the fasting glucose level. Further, fasting glucose may have been somewhat refractory to the effects of insulin sensitization as a result of increased hepatic glucose production in the overnight fast. The lower HbA1c in SET-treated animals suggests that SET was attenuating blood glucose at time points other than the morning hours, such during the daytime postprandial periods.
While HbA1c is universally employed to assess long-term glycemic control in humans, considerable species differences exist, and a paucity of literature addresses its ranges in rabbits. In the current study, HbA1c was lowest in the SET prevention group, with significance demonstrated at the 2nd week (Figure 1(h) ). The superior efficacy in the prevention group, which was of longer duration than the treatment approach, is consistent with the cumulative nature of this marker. The most striking finding was the reduction in HbA1c at the 6th week in the treatment group, which received the first dose of SET at the 5th week. This rapid change occurred despite no concomitant alteration of systemic insulin sensitivity or fasting blood glucose. It is clear that in our rabbit model, this marker is subject to change modification within a short period of time.
Elevated CRP reflects systemic inflammation, a highly pertinent feature of MetS. In rabbits, this marker is inducible by stimuli such as dietary lipid enrichment [29] and is repressed by anti-inflammatory and anti-hyperglycemic interventions [27] . Like humans, rabbits exhibit elevations of CRP in tandem with progression of MetS features including atherosclerosis [29] . We demonstrate an approximate 10-fold increase in response to a HFD (Figure 1(b) ), which is similar to previously reported data in rabbits that developed other MetS features, including visceral adiposity and atherogenic lesions, over 22 weeks of HFD feeding [29] .
Malondialdehyde (MDA), a thoroughly validated marker of oxidative stress, increased 7-fold over 8 weeks (Figure 1(c) ). Since proteases are not recognized as potent antioxidants, it is rational to speculate that SET may act indirectly through reduction of inflammation-associated reactive oxygen species generation, and/or the effect is due to the co-formulation with rutin, a flavonoid antioxidant with potential utility in MetS [34] . The absence of a therapeutic effect may be explained by oxidative stress comprising an early, initiating event in MetS. As a nonsignificant decrease was apparent in the treatment group between the 6th and 8th week, continuation of SET over a longer duration may be necessary for antioxidant effects to become detectable.
The 3-fold elevation of Tg in untreated rabbits was similar to the 3.5-fold increase in another MetS HFD-fed rabbit model after 12 weeks (Figure 1(e) ) [25] . The SET as a preventive or treatment measure resulted in lower Tg levels very late in the study. A late reduction, although significant only in the prevention group, was also evident in total cholesterol levels. In untreated animals, elevation of total cholesterol in our model was modest compared to other studies of HFD-fed rabbits [25] [28] . For both Tg and cholesterol levels, SET as a prevention produced the lowest values throughout the study, while treatment had a relatively weak effect (Figure 1(d) ). The short duration of treatment with SET (beginning at the 5th week, with analysis at the 8th week) was likely insufficient, and the nonsignificant decline suggests that continuation may have produced further reductions. Previous studies of MetS in rabbits have administered the HFD over a longer time period of 12 -22 weeks [25] [28] [29] [32] .
Several possible explanations may account for the general observation of superior efficacy of prevention relative to treatment. Foremost, the longer duration of supplementation in the prevention group may account for the superior efficacy. A second possibility is that SET exerts its effects in the early, initiating stages of MetS, as oxidative events and inflammatory signals are causally involved in the onset of insulin resistance [35] . A third possibility is that visceral adiposity, although not assessed, is likely to have increased as described previously [25] [29] [32] , increasing oxidative stress and inflammation in the first weeks of high-fat diet to a point that requires a higher dose of SET [29] [36] . Alternatively, late commencement of SET may have been insufficient to address a modified climate of substantial and multifocal metabolic deregulation. From a theoretical perspective, a therapy that is effective when introduced at a later stage of disease must target pathways of reversal or attenuation, and these may differ from pathways of causation. Accordingly, preventive agents are not always curative, and vice versa.
While previous research has documented the bioavailability and therapeutic efficacy of SET as an anti-inflammatory intervention, there is limited knowledge of its mechanisms of action [12] [13] [37] . It has been demonstrated that these proteases, as complexes with endogenous antiproteases, complex with cytokines and promote their clearance from inflamed tissue via endocytotic and phagocytic routes [13] . Other mechanisms, such as interactions with cell surface receptors and signal transduction events, have been suggested [13] . In contrast to more extensively studied natural anti-inflammatory agents, such as fish oil and polyphenols, which intersect established pathways with known relevance to MetS, it remains unknown how proteolytic enzymes relate to the onset and progression of MetS.
Conclusion
The current data contribute to an evolving body of literature supporting the potential of anti-inflammatory interventions in MetS prevention and therapy. A continuation of this work is clearly warranted, including validation of this potentially valuable animal model in the study of MetS. Wobenzym ® improved insulin sensitivity and reduced CRP and other risk factors associated with MetS in this model. Further research is required to determine whether anti-inflammatory interventions, and SET in particular, might affect MetS development and progression in humans.
